The aim of this study was to investigate whether selenium (Se) supplementation can provide protection from an enhanced risk of keel bone damage (KBD) in laying hens due to the cadmium (Cd) toxicity associated with sub-chronic exposure. In this trial, based on the model of laying hens fed a diet supplemented with Se, Cd or Se + Cd in combination, the keel bone fractures and deviations, the bone mineral density (BMD), the serum biomarkers and the levels of twenty-eight elements were investigated.
Introduction
Cadmium (Cd) is known to be a widespread industrial and environmental contaminant endangering human and animal health.
1 It can be absorbed from water, food, and air pollutants, and upon exposure, Cd accumulates in liver, kidney, brain, bone and other tissues, with a long biological half-life in the body. 2, 3 Bone is one of the critical target organs affected by Cd exposure. Many reports have demonstrated an adverse effect of Cd on bone health, characterized by decreased mineralization and increased prevalence of fractures. [4] [5] [6] Cd toxicity has been linked to abnormal metabolism of bone cells and a disruption of the absorption and excretion of calcium (Ca) in the intestines and kidneys; this leads to a deciency in Ca levels and, consequently, the bone damage. 7, 8 Homeostasis of mineral elements plays vital roles in metabolic diseases of nutrition and toxipathy. 9, 10 Many studies have demonstrated that the essential metals, such as Ca, magnesium (Mg), zinc (Zn), and copper (Cu) are necessary for bone health and are susceptible to the toxic effects of Cd. [11] [12] [13] [14] [15] Brzoska et al. demonstrated that 5 mg Cd/L added to the water decreased the Ca, phosphate (P) and Zn concentrations, whereas a 50 mg Cd/L dosage decreased the Ca, P, Zn, Mg, Cu and iron (Fe) contents in lumbar vertebral, and the bone mineral density (BMD) was decreased. 16 The same group also discovered that low chronic exposure to Cd (1 mg L À1 in drinking water for 24 months) decreased the femur and tibia levels of Ca, Mg, Zn, Cu and Fe, which enhanced bone fracture risks. 17 However, the effects of Cd on the minerals of bones and the bone damage of laying hens are most unknown. Selenium (Se) is an essential trace element with antioxidant, antimutagenic, and anticarcinogenic properties for the body. 18, 19 In the form of antioxidant selenoprotein, such as glutathione peroxidase (GPx) and thioredoxin reductase (TrxR), Se has benecial effects on maintaining bone homeostasis and protecting against bone loss. 20, 21 In previous studies, Se supplementation with dietary Cd has alleviated Cd toxicity and markedly reduced Cd accumulation in brain, liver and kidney. 22, 23 However, Al-Waeli et al. has indicated that addition of dietary Se did not signicantly reduce Cd concentrations in the broilers' tissues. 24 This result is inconsistent with other reports wherein Se was added to chicken diets from 0.15 up to 3 mg kg À1 , reducing Cd deposition, and Se was positively correlated with Zn, Cu and Fe. 25 In our previous study, Cd supplementation of the chicken diet caused ion prole disorders in kidney, including drastic increases or decreases in thirteen mineral elements, and supplementation with Se increased the levels of chromium (Cr), manganese (Mn), Zn, and Se, and decreased lithium (Li) and lead (Pb), which in contrast were induced by Cd. 26 While it has been well established that levels of multiple elements are simultaneously altered, the interplay between these elements and indicators of bone damage under the effects of Se or Cd individually or combined, have yet to be studies.
Keel bone damage (KBD), including fractures and deviations to the keel bone, is one of the major welfare and health issues in commercial laying hens. 27, 28 The high incidence of keel fractures in cages could result from calcium deciency or other nutritional disorders. 29 The occurrence of KBD is accompanied with age and dramatically increased at the peak of lay, resulting from bones that are weakened by the process of demineralization. 30 Therefore, based on the model of laying hens fed diets supplemented with Se, Cd or both in combination, we have detected KBD, BMD, serum alkaline phosphatase (ALP) activity, concentrations of osteocalcin (OC) and levels of twenty-eight elements in the keel bone of laying hens. The aim of this study was to investigate whether the addition of Se could provide protection from the toxic effects of Cd on keel bone health in laying hens.
Materials and methods

Birds and protocol
A total of Ninety six Hy-Line brown laying hens at 31 weeks of age were randomly divided into four experimental groups according to dietary treatments. In each experimental treatment, there were eight replicate cages, each with three laying hens. The hens were fed a commercial basic diet containing a metabolizable energy of 11. 13 
Assessment of keel bone damage
To assess KBD, sixteen hens per treatment (two random selected hens in each cage) were palpated by the same investigator at the initiation of the study (31 weeks of age) and at study termination (44 weeks of age). Palpations were performed by running two ngers down the edge of the keel bone, feeling for alterations such as S-derivations, bumps or depressions, all indicators of keel bone damage. 32 Fractures and deviations were assessed using a scoring scheme adapted from Scholz et al.
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The scores were condensed into three categories; normal keel bone (NK), deviated keel bone (DK) with the deviation of the keel from a theoretical two-dimensional straight plane in either the transverse or median sagittal planes, 34 and fractured keel bone (FK), with the presence of sharp edges, clear displacements or shearing and bumps.
34 If a keel bone had both of a fracture and a deviation, the laying hens was assigned FK according to the fractures were more likely to be related to pain than deviation. 33 At the end of the experiment, palpated chickens were euthanized by cervical dislocation and the keel bones were removed and cleaned of excess esh. The keel bones were examined visually to conrm the presence or absence of fractures and deviations using the same scoring system for comparison with palpation data collected from the same chickens. Each keel bone was then wrapped in a piece of gauze saturated with an isotonic saline solution and stored in separate plastic zip-lock bags at À20 C for further analysis.
Measurement of keel BMD
Half of the collected keel bones (eight per treatment) were thawed. BMD of keel bones were measured using computerized radiographic densitometry with a veterinary X-ray unit RV-500 (58 kV, R-TEC Corporation, Fukuura, Yokohama, Japan). Briey, the keel bones were blotted and side placed on a 25.2 Â 33 cm X-ray plate and a step standard scale with 0.25 mm increment aluminum step wedge was also placed on the plate at the same time used as a standard. Images were collected and analyzed using ImageJ soware (National Institute of Health, Bethesda, MD, USA). 35 The ImageJ program calibrated mean radiographic density of each keel bone in terms of mm of aluminum equivalence.
Measurement of serum ALP and OC
Before the hens were slaughtered, serum was collected and stored at À20 C prior to analysis. ALP activity was measured with an automatic biochemistry analyzer (Hitachi 7600-020, Hitachi Ltd., Tokyo, Japan) using the accompanying commercial ALP kits. Serum OC concentrations were quantied using commercially available ELISA tests (Shanghai jinma laboratory equipment Corporation., Ltd, Shanghai, China) following the manufacturer's instructions. Optical densities (OD) were measured at a wavelength of 450 nm by microplate reader (Biotek Instrument Inc. USA). A standard curve was prepared with the following concentrations: 30, 60, 120, 240 and 480 ng L À1 , and to produce a linear equation for quantication of experimental samples.
Determination of bone elements
A sample of each collected keel bones (eight keel bones per treatment) were completely digested with a microwave digestion system. Twenty-eight mineral elements [including those of Li, boron (B), sodium (Na), Mg, aluminum (Al), silicon (Si), potassium (K), Ca, titanium (Ti), vanadium (V), Cr, Mn, Fe, cobalt (Co), nickel (Ni), Cu, Zn, arsenic (As), Se, strontium (Sr), molybdenum (Mo), Cd, tin (Sn), antimony (Sb), barium (Ba), mercury (Hg), thallium (Tl), and Pb] from bone tissues, serum, basic diet and water were determined using inductively coupled plasma mass spectrometry, ICP-MS (Thermo iCAP Q, MA, USA). 26 Briey, 1.0 g or 0.5 mL of each sample was performed digestion in a solution of 5 mL 65% (w/w) HNO 3 and 2 mL 30% H 2 O 2 (w/v), then diluted to a nal volume of 10 mL with deionized water. Samples were heated in a microwaveaccelerated digestion system with the following heating program: (1) ramped up to 1800 W for 10 min, (2) 3 min at 100 C, (3) 10 min at 150 C, and (4) 45 min at 180 C. Aer cooling to room temperature, the digested samples were diluted with Milli-Q water to a nal volume of 50 mL and mixed well prior to ICP-MS analysis. All analyses were carried out according to the manufacturer's instructions. The operating conditions were as follows: frequency 27.12 MHz, RF power 1550 W, carrier gas ow rate 1.05 L min À1 , plasma gas ow rate 14.0 L min À1 , auxiliary gas ow rate 0.8 L min À1 , spray chamber temperature 2.7 C, sampling depth 6.0 mm, nebulizer pump 40 rpm. All samples were analyzed in batches with blanks and known standards.
Statistical analysis
The data analysis was performed using SPSS for Windows (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 5.01 (GraphPad Inc., La Jolla, CA, USA). Differences between treated groups were analyzed by one-way ANOVA followed by the Tukey honest signicant difference test. A probability value of P < 0.05 was considered statistically signicant. All data showed a normal distribution, and passed equal variance testing. Data were expressed as the mean AE standard deviation. Correlations between elements were investigated using Spearman's correlation test. Values >0.50 were taken as an indication of a strong correlation.
Results
Keel bone damage and radiography density
The results of keel bone fractures and deviations of laying hens are showed in Fig. 1 . At the initiation of the study, the number of laying hens with normal keel bones is the same among four groups. The percentages of FK and DK in control group, Se treated group, Se + Cd treated group and Cd treated group were 6.25% and 12.5%, 0% and 18.75%, 6.25% and 12.5%, 0% and 18.75%, respectively. At study termination, the percentages of signicant impact on the keel bone radiographic density of laying hens (Fig. 2) . Exposure to Cd led to a marked decrease for KBD (P < 0.05) compared to the control, Se treated and Se + Cd treated group, respectively. However, aer Se and Cd coadministration, the KBD was lower compared to the control and Se treatment groups (P < 0.05), whereas bone density was higher than in the Cd treated group (P < 0.05).
ALP activity and OC levels in serum
As shown in Fig. 3 , compared with control group, ALP activity had an increasing trend in Se, Se + Cd and Cd treated groups, but there were no signicant differences among the treatments (P > 0.05). The OC levels in the Se and Se + Cd co-treatment groups increased slightly compared to the control (P > 0.05), whereas the concentrations of serum OC signicantly decreased with the addition of Cd to the diet when compared to the other three treatments (P < 0.05).
Concentrations of mineral elements in keel bone
The concentrations of 28 mineral elements in keel bone are listed in Table 2 . Neither dietary Se and Cd supplementation as singular factors, nor their combination had a signicant effect on the contents of 15 elements, including Li, B, Na, Mg, Ti, V, Fe, Co, As, Sr, Sn, Sb, Ba, Hg, Tl (P > 0.05). Thirteen elements were observed to be signicantly altered. Changes in there concentrations are summarized in Fig. 4 . The addition of 150 mg kg À1 CdCl 2 to the diet signicantly increased the concentrations of Cd and Pb (P < 0.05), whereas the concentrations of Si, K, Ca, Cr, Mn, Cu, Zn and Mo in the bone signicantly (P < 0.05) decreased compared to the control group. In the Se treated group, the concentrations of Si, Al, Ni and Pb were signicantly (P < 0.05) decreased, and the concentrations of Se (P < 0.05) was signicantly increased compared with the control. In Se + Cd treated group, the compound treatment of Se and Cd resulted in reduced concentrations of Si, Al, Mn, Ni, Zn and Mo (P < 0.05) and improved concentrations of Se and Cd (P < 0.05) when compared with those in the control group. Moreover, the Se + Cd co-treatment alleviated the degree of changes for the K, Ca, Cr, Cu, Zn, Cd and Pb concentrations compared with the Cd treated group (P < 0.05 
The correlation analysis
The observed relationships among the parameters were conrmed and quantied according to the Spearman's correlation analysis ( Table 3) . The KBD had a positive correlation with the OC, Cd and Pb concentrations, while negative correlations were observed with Si, Ca, Mn, and Zn. The ALP activity was correlated negatively with B and Fe. The OC content had a positive correlation with BMD, Cd and Tl, and was negatively correlated with Al, Zn and Sb. In the descriptive statistics, the element Se was correlated positively with Ca, Cu and Zn and negatively with B and Al. It was observed that Cd was positively correlated with Pb and negatively with Na, Si, Ca, Mn, Cu, Zn, As, Se and Mo. Moreover, there were both positive and negative correlations between different pairs of elements not described here, which are reported in Table 3 . ). Values with different letters within a row are signicantly different (P < 0.05). 
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Discussion
The present paper investigated the hypothesis that enhanced Se intake during exposure to Cd in laying hens may have a protective effect against keel bone damage. As expected, the percentages of FK and DK increased by 25% and 12.5% respectively as a result of Cd toxicity when compared to the control group. The increased bone damage was also manifested in the reduction of BMD in the Cd treated laying hens. Brzoska et al. found that the exposure to Cd was dose and time dependently inuenced the tibia BMD and chemical composition, and the decrease in BMD enhanced the risk of tibia fracture.
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Exposure to 5 and 50 mg L À1 Cd for 12 months, or 1 mg L À1 Cd for 24 months resulted in a profound decrease in the femur and lumbar vertebral BMD, making the bones more susceptible to fracture. 13, 37, 38 Considering the previous observations, high rates a Level of statistical signicance: *P < 0.05; **P < 0.01.
of bone damage caused by Cd may be explained by its toxic actions against the bone organic and non-organic phases. Cd directly inuences the differentiation and activity of osteoblastic and osteoclastic cells as well as interferes with hydroxyapatite formation, leading to the increased bone resorption and bone mineral dissolution. 7,37-39 Se plays a major role in cellular redox status and an important regulatory role for normal bone metabolism. 20, 40 It has been reported that selenium decient young male rats had low BMD, osteopenia and growth retardation. 41 Studies in mice indicated that Se de-ciency increased bone resorption and had detrimental effects on bone microarchitecture resulting from decreasing antioxidative potential. 42 The study revealed a positive trend to increase the BMD upon supplementation of 2 mg kg À1 of Na 2 SeO 3 . For Se and Cd co-treated hens, the percentage of KF decreased and the BMD increased (P < 0.05) when compared to that of the Cd treated group. Thus, supplementation with Se partially prevented the Cd induced KBD to laying hens at the time of peak lay. The positive inuences on the bone health of Se at both nutritional and supranutritional doses may be consisted in its ability to overcome the inhibition of osteoblast activity and the acceleration of bone resorption caused by Cd exposure.
The ALP activity and the concentrations of OC in serum have been used as biomarkers of osteoblast activity for the evaluation of bone remolding. 43 In this study, ALP activity was not significantly altered for any treatment. The OC levels increased in both of the Se and Se + Cd treated groups, but the addition of Cd signicantly decreased the levels of serum OC (P < 0.05). These results reect the inhibitory effect of Cd on the degree of bone mineralization and the processes of bone formation, despite unchanged ALP activity in the keel bone. This inhibition of Cd toxicity was ameliorated by Se. Similarly, Brzoska et al. reported that rats exposed to 5 and 50 mg L À1 Cd resulted in a decrease in serum OC concentration as well as bone ALP activities, however, the serum ALP was not detected.
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The antagonistic effects of Se on Cd via Cd accumulation in poultry have been reported in previous studies. Pappas et al. reported that chicks fed with a basal diet (containing 0.21 mg kg À1 Se) with additional 0.15, 0.3 and 3.0 mg kg À1 Se not only increased Se concentration but also reduced Cd concentration in the liver, blood and muscle tissues. 25 It was reported that in hens and cocks fed 20 mg kg À1 Cd or 30 mg kg À1 Cd + 4 mg kg
À1
Se for 8 weeks, the Cd levels were substantially increased in the liver and kidneys, and supplementation with Se resulted in Cd reduction. 44 The present study revealed that sub-chronic Cd exposure could lead to massive accumulation of Cd in the keel bone. The Cd levels in the Cd treated group reached up to 2.64 mg kg À1 , almost 250 times as much as in the control and the Se treated groups. The Cd content in the Se + Cd treated group decreased by 33.36% compared with the Cd treated group. Simultaneously, Se concentrations in the Se + Cd group were lower than the Se treated group, and higher than the control and Cd treated groups. These results indicate that the concentrations of Cd were signicantly decreased when the Se was co-administered with Cd, accompanied with the dissolution of Se from the keel bone. As we all know, metallothioneins (MT) are rich in cysteine which confers these proteins with a high capacity to bind heavy mental elements, such as Zn, Cu, Cd, and Hg, etc. in biological systems. 45 When the contents of Cd in the body exceed the binding capacity of MT, the non-MT bound Cd ions lead toxicity to liver, kidney and bones possibly due to induction of oxidative stress, inhibition of gene repair and deregulation of cell multiplication. 46 The concentrations of Se in the Se + Cd treated group were lower than the Se treated group and the deposition of Cd in Se and Cd co-treatment lower than Cd treated alone, the possible reason is that the formation of Se-Cd complexes or consumption of protecting against the Cd-induced cellular toxicity. 24, 47 Controversially, previous work on the well-established protective effect of Se and Zn against Cd induced toxicity was more dependent on the oxidative stress decreasing than through the MT gene expression mechanisms. 48 However, Se administered at supranutritional doses was unable to completely ameliorate the toxic effects of Cd in bones.
The Cd exposure inuenced the normal homeostasis of many elements. Brzoska et al. demonstrated that 50 mg mL À1 Cd added to water for 12 weeks decreased the Ca, Zn, and Fe contents in the tibia, but had no effect on the Mg or Cu contents. 49 Another study by the same researchers revealed that when 50 mg L À1 Cd was added to the water, decreases in Ca, P, Zn, Mg, Cu and Fe contents were observed in the lumbar spine of rats. 16 It was reported that in ducks fed a commercial diet containing Cd for 120 days, the metatarsal bones were damaged via disturbances in the systemic balance of Ca and P in body and homeostasis of Se, Zn, Cu and Fe in bones. 50 Moreover, the addition of Cd to the diets of quails resulted in a quadratic increase in Cd concentrations and a decrease in B concentrations in the tibia. 51 Changes in the levels of mineral elements and their compositions in any organ or tissue, as a consequence, can increase the risk of damages to the body. 52 In the present study, the levels of 28 elements were analyzed in the keel bone of laying hens treated with a Se, Cd, or Se + Cd supplemented diet. The Cd treatment caused metabolic disorders of 10 mineral elements, signicantly (P < 0.05) reducing the concentrations of Si, K, Ca, Cr, Mn, Cu, Zn and Mo, with increases in Cd and Pb concentrations in comparison to the control group. The homeostasis of mineral elements is necessary for catalyzing enzymatic activity, maintaining structural integrity, and various other biological processes. 53 Therefore, it is possible that enzymatic reaction, signal transduction, biological activators and/or inhibitors, and antioxidant system were abnormal due to imbalances of the aforementioned elements caused by the toxic effects of Cd. Furthermore, it was demonstrated here that Se supplementation alone affected the ion proles reducing the concentrations of Si, Al, Ni and Pb, while obviously improving the levels of Se. What's more, cotreatment with Se and Cd alleviated the degree of changes for the K, Ca, Cr, Cu, Zn, Cd and Pb concentrations compared with the Cd treated group (P < 0.05). It is well known that in addition to passive roles as a substrate for bone formation, the element Ca plays the main active role in bone metabolism. Whereas the other macro elements (K, Na, and Mg) and some of the discovered essential trace elements (e.g., Cu, Mn, Zn, Se, F, Fe, Cr and B) have protective effects, others are toxic microelements (e.g., Cd and Al) having detrimental effects on bone health. 54 Due to the hazardous effects of essential element deciencies and toxic trace element accumulation, the protective effects of Se against the toxicity of Cd might result from the maintenance of homeostasis of elements K, Ca, Cr, Cu, Zn, Cd and Pb in the keel bone. K may help prevent osteoporosis by preserving Ca in bones and maintaining normal PH. It has shown an improved Ca balance, decreased bone resorption and increased bone formation with the K supplementation. 55, 56 The bone mineral phase is composed mainly of Ca forming hydroxyapatite crystals and the direct toxicity of Cd is interfering Ca 2+ in the process of incorporation into hydroxyapatites. 57, 58 It has been demonstrated that time-course of Ca release from bone aer Cd exposure, which leads to higher bone loss, lower BMD, and negative Ca balance. 59 Zn, occurring in the active centers of many enzymes such as alkaline phosphatase or carbonic anhydrase, is responsible for the bone metabolism and matrix formation with the procession of stimulating the synthesis of DNA in osteoblasts and increasing the concentrations of Ca ions. 60, 61 This bio-element deciency leads to a reduction in osteoblastic activity and collagen synthesis. 62 Cu, similar to Zn, functions as a general enzymatic cofactor. By activating lysyl oxidase, it induces the formation of lysine crosslinks in collagen and elastin. 63 Cr, as a cofactor of insulin, is known to alleviate the detrimental effects of stress in chickens by augmenting antioxidant defense and reducing lipid peroxidation. 64 It has been demonstrated that bones contain approximately 90% of the total amount of Pb in the body. Pb accumulation in bones can increase of excretion of Ca and decrease the BMD. 65 In previous study, Pb supplementation with diets could increase the concentrations of Cd in chicken liver.
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Herein, Cd exposure increased the concentrations of Pb in keel bones. We speculate that these two toxic elements may have synergistic effect to the body. This study indicated both negative and positive correlations among the parameters and different elements. The BMD was positively correlated with OC, Cd and Pb, which had negative effects on bone health. The analysis revealed that the keel BMD and OC levels in hens co-treatment with Cd and Se were primarily affected by Cd. Similarly, Brzoska et al. showed that when the rats were co-administered Zn and Cd, the Cd toxicity played the major role in inuencing the femoral BMD and serum OC. 39 The element Se was positively correlated with Ca, Cu and Zn, whereas, Cd was correlated negatively with Na, Si, Ca, Mn, Cu, Zn, As, Se and Mo. The previous study on interactions between 15 elements possessing antioxidant effects was analyzed aer the chickens supplemented with the Cd and organic Se, which revealed that Cd was correlated with Ca, Co, Cu and Mg, while Se was correlated with Mn. 24 Thus, the alterations in the levels of mineral elements were sufficiently complicated by the Se and Cd treatment, making it difficult to distinguish which element or which interaction played the primary or secondary effect.
